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FRELIMINARY REPORT OW.LAMINAR-FLOW AIRFOILS AND
NEW METEODS ADOPTED FOR AIRFOIL AXD
BOUNDARY-LAYER INVESTIGATIONS

By Eastman N. Jacobs
SUMMARY

Recent developments in airfoil-testing methods and
fundamental air-flow investigatione, as applied to air-
foils at the N.A.C.A. laboratory, are discussed. Prelim-
inary test results, ottained under conditions relatively
freec from stream turbulence and other disturtances, are
presented. Suitadble airfcils and airfoil-design princi-
ples were developed to take advantage of the unusually
extensive laminar-boundary layers that may te maintaired
under the improved teating conditions.

For practical consideration, these preliminary re-
sults presented are of interest mainly in the lower Reynolds
Number range below 6,000,000. Within this Reynolds Numter
rahge the new lauinar-flow airfoils and the new airfoil=~
design principles may be expected to yield drag coefficients
on actual wings of a markedly smaller order than those here-
tofore obtairned. For examrle, drag coefficients as low as
0.0022 and profile 1/D values as nigh as 290 were meas-—
ured.

IYTRODUCTIOY

During the past several years there has been a grow-
ing conviction that large drag reductions should be pos-
sidble through the uge on actual airfoils of the low-drag
properties of laminar boundary leyers. In the past, how-
ever, the turbulence present in most wind tunnels tended
to so haston transition:, in the usual full-scale range of
the Reynolds Number, that the extent of the lamirar layer
appeared so small that only slight drag reductions could
be expected from the low-drag properties of the laminar
layers.




More recently, however, tests such as those made in
flight to study the occurrence of transition under condi-
tions of small air-stream turbulence (references 1 and 2)
suggested tuat transition might occur much later. Further-
more, tests made in tunnels baving moderately low turbdu-
lence tended to show some drag reduction owing to the
presence of.laminar layers of appreciable extent on propel-
ler sections in the lower Reynolds Number range (reference
2) and in the lower full-scale range for airfoils (refer-
ence 4). The results of tests (reference 5) in the air
stream of the N.A.C.A. smoke tunnel, wkich is known to
have vanishingly small turbulence, as well as some of G. I.
Taylor's theoretical consideratiorns, led the author to the
conclusion (reference &) that more extensive laminar
boundary layers and consequently larger drag reductions
even at much larger Reynolds Numbers might be possibdle
vith suitable turdbulence-free conditions simulating close-
ly the turbulence-free atmosghere freguently encountered
in flight.

During this period, plans were started for suitabdle
low-turbulence lrrge Piynolds Number airfoil testing equip-
ment. The first step was to eliminate the complications
of three-dimensional flows, thus reducing the probdlem to
the two-dimensional flow about an airfoil section. The new
type of airfoil testing equivment was therefore referred
to as a "tvo-dinensional flow tunnel.® The proposed meth-
ods of investicating airfoils extending across a compara-
tively narrow test sectior were thus trul}, tests of the
airfail section. In order to reduce the turbdalence to such
a level that its effect on transition snould tend to van-
ish, variations of tke methods exployed in the FN.A.C.A.
snoke tunnel wvere contemplated.

The next step was to verify the prorosed methods of
airfoll testing. A small model of the new equirment was
considered, but in order to odbtain conclusive results a
tunnel 3ufficiently large to reach the lower range of
flight Reynolds Numbers was agreed upon.

The first and most difficult problem with the new
equirment was to reduce the turbulence to the desired level.
The usual methods of measurement were not sufficiently sen-
sitive. Recourse was therefore had to the direct compari-
son of actual transition effects on airfoils as observed
in flight, in the new tunnel, and in other tunnels. Such
comparisons indicated that the turbulexnce as affecting
transition could be reduced below the level of other tun~-




nels and, in most cagses, below the level inferred from
many of the flight tests. (Compare, for example, fig, 13
of reference 2. Values of Jones'! N exceeding 6,500,000
have been obtained from some of the recent tests of air-
foils in the new tunnel.) Such comparisons suggest that
transition ras hastened in flight by other disturding ef-
fects. In the tunnel, disturbtances such as those due to
surface rouaghness were carefully avoided and vibration ef-
fects were probadly unimportant, at least at the lover eir
speeds. It remains improbatle, nevertheless, tnat tne de-
sired effective zero turbuleace {vanishing effect on tran-
sition) has yet bteen attained. The turbdulence level was
considered sufficiently low, however, pending more relia-
ble comparisons with flight, to justify the airfoil devel-
opment and the transition work herein reported in prelimi-
nary form.

In many ways, the prelirinary results of these inves-
tigations have prroved illuminating. It arrears that, un-
der these conditions of vanisning turdulence, transition
may be of a different character than in the usual tunnel.
The larinar-btoundary layers ahead of transition often ac-
curately follow the laminar-boundary layer theory and ap~
pear to te free or nearly free from unsteadiness or fluc-
tuations of the Dryden type. Thus the skin-friction drags
rroduced by tiese laminar larers at the comparatively
large Rernolds HNumbers attainable with the new egquipment
are no greater than the values predicted by the laminar-
toundary layer theory.

Tho experimental airfoil investigations covered in a
prelirinary form in this rerort, moreovor, are telieved
to be tne first showing large drag reductions practically
realizable through the design of airfoil sections to ben~
efit from very extensive laminar-boundary layers. When
airfolls are so designed that laminar separation is avoided,
and rarticularly whon falling pressures in the downstream
direction are provided over a consideratle portion of both
upper and lower surfaces, laminar-boundary layers may be
maintained up to Reynolds Kurdbers of 6,000,000 or more if
sufficlent care is oxercised to eliminate disturbtances
from air-stream turbulence, surface roughness, and vibra-~
tion. Such methods are shown to ;ield, within thie rela-
tively low Reynolds Numter range, unusual drag reductions.




DERIVATION OF AIRTOILS

The part of the investigation that resulted in the
development of the new sections is best described by giv-
ing a brief chronological account of the workx. Many asso-
cietes contridbuted to the project, in particular, Pinker—
ton, von Doenhoff, Abbott, Stack, Robinson, Allen, Bicknell,
and Miss Alice Rudeen, who made many of the pressure-dis-
tridbution calculations. Their generel assistance and con~-
tributions are acknowledged here for brevity in lieu of
definite references to the detailed parts contributed by
each.

The project was first undertaken as the result of
reasoning like that presented in reference 5, which sug-
goested yossidble late transitions in the presence of favor-
able pressure variations. Airfoil shapes were therefore
sought having the minimum pressure on both surfaces well
back. Trial shapes were used and results were checked by
means of calculations according to Theodorsen's method of
reference 7. Pinkerton, in particular, wvas succeseful in

finding a shape (fig. 2) that was considered reasonably
satfsfactory for preliminary tests, although not as the
basis of a family. Models having this section were con-
structed for tests in the variable~density tunnel and in
the new tunnel.

Some doudbt was expressed as to possible drag reduc-
tions, owing to the severity of the trailing-edge ehape.
The developrment of a suitable family was thersfore not
stressed, pending the completion of the new tunnel azd the
tests of this first section. 1In connection with Stack'e
project on propeller sections for high epeeds, however, a
special mean-line shape was derived by von Doenhoff and the
author from thin airfoil theory to give a uniform chord-
load distribution. When rressure~distribution calculations
became available for some proveller sections having thie
mean line, it was apparent that its use, tiarough adding a
small conetant velocity increment to the uprer surface and
deducting an equal increment from the lower surfzce, tended
to leave both eurface pressure distributions substantially
unaltered. Hence it bYecame neceasary only to develop suita-
ble thickness diastridutions for symmetrical airfoils giving
the deaired surface pressure variations.

In the meantime, the new airfoil testing equipment had
been completed, and the first new airfoil (fig. 2) was test-
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ed in June 1938, 1In comparison with an N.A.C.A. 0012 air-
foil, teeted under the eame conditions, the new airfolil
showed very extensive laminar-boundary layers, as expected,
and the unusually low minimum drag coefficient of C.0030.
Comparative tests of the same airfoil in the variabdle-
density tunnel, however, failed to show unusually low drag
coefficients. Two very important conclwsione therefore
reeulted from these preliminary tests. First, it is feasi-
ble to realize large drag reductions by designing airfoils
to promote extensive laminar-boundary layers, even if such
designs lead to an abdbnormally adbrupt fairing in the trail-
ing-edge region of the airfoil. Second, such airfoils

must be investigated urder ccsditione arproaching freedom
from turdbulence.

A develorment program for this new airfoil t:re was
therefore begun at once. The outstanding oojectives of
the investigation were to determine a limitirg extent of
the backward movement of the minirum rreseire point on the
airfoil surface and to investigate, in particular, various
degrees of favorable pressure gradient in tie forward or
laminar region. Suitable tnickness distributions (symmet—

rical airfoils) were therefore sought; ard, to save tirme,
these shapes were to be combined with only one mean camber
selected to give the desired pressure distribution at

cl = 0.2, a reasonable high-speed or cruising 1lift coeffi-

clent..

The desired symmetrical airfoils were based on ones
for which calculations had been made in connection with
the high-speed airfoil investigations. One rorked out by
Robineon, through. the process of pressure calculations
following small empirical changes made to prroduce a nearly
uniform pressure along the surface from a point near the
leading edge to the 0.7c station was considered satisfac-
tory as a member of the farily having zero rressure gradi-
ent and was therefore designated N.A.C.A. 07,

Another airfoill, herein designated N.A.C.A. 16, was
taken as a base for the next family, having favorable pres-
sure gradients over the forward part of the profile. Tials
base section may be considered the extensiorn of the family
of reference 3 that would therein aave been given the num-
ber N.A.C.A. 0009-45, and may be accordingly derived.

Other airfoils of the same series were tnen derived to
investigate the effects of a progressive bdackward movement




of the minimum pressure point. A compressing function was
applied to the tail portion of the airfecil the function
being so chosen as to leave the airfoill unaltered at maxi-
mum thickness where the two parts Join. The function is
given by

1 _ >
0.5 = 5= in {1 + k (2x 1)} (x 2 0.5)

where x repressnts the original station for the airfoil
of unit chord, and x' represents the new station. The
resulting airfoil was subsequently stretched uniformly
back to its normal chord length, the final result bdbeing a
backward movement of the maximum thickness station. Pres-
sure calculations for this group of airfoils having vari-
ous positions of the maximum thickness indicated that such
a seridgs should be satisfactory. The members of this fami-
1y of airfoils therefore received designation numbers aw
follows:

N.A.C.A.
designation

Position of
maximum thickness

Approximate position
of minimum pressure

Leading-edge radius
index (reference 3)

Thus the number 16 suggests the form of the thickness
distridbution and the complete designation number X.A,C.A.
16-209 for example, is formed by adding three more digits
after the dash. The first digit increases with camber and
refers to the 1ift coefficient, 0.2 in this case, for which
the airfoill is designed. The last two digits refer to the
thickness, 0.09¢, in this example.

Finally, the test results for these airfoils and par-
ticularly for the modifications investigated with cusp-
tyre extensions at the trailing edge to relieve the sever-
ity of the flow conditions in this vicinity, led to the
develorment of a second series designated 27. This modi-
fied series, designated by the first digit 2, is much like
the first, tut the thickness distribution is modified to




produce a tendency toward a cusp-tyre tail. The mean line
is also modified sligatiy near the trailing edge so that
tne 1ift-load distribution instead of being corstant along
the entire chord 1s constant only over the forward 8) per-
cent and taen tapers off progressively toward zero at the
tail. This mean-line modification was considered desira-
ble further to relieve the severity of tlhe adverse pres-
sure gradients in the turbulent-boundary-layer region near
the tralling edge. This modified mean line was also used
with sore of the airfoils of the “irst series. TLe air-
foll profiles included in tihis investigation are skown 1in
figure 3. .

AIRFCIL CRDINATES

The airfoil ordinates may be derived by comdizing the
camber and the thickness forms in the usual way, as ex-
plained in reference 8. The mean-line form may be fourd
from the following general expression, worked out by Finker-
ton and Allen:

[+
e = ek 2L (exye -x| -
Ve = ZA[RTD) [ 57a {5 (a=x)% 1o Ja-x]

1 2 1 1 2 |
5 (b-x)2 1n ‘b-x' + o (b-x)2 - e (a-x) ) -
x ln x+ g - hx]

.

L far [Lina-1] - e S
o {} (1-2)® Wn(i-a) - L (1-%)7 n(1-v) +
b-a : 2 4

+ 5 G-»® -1 (l—a)a} + g

vhere the chord is unity and the load 1is uniform from the
leading edge (x = 0) to the chordwise position =x - a,

then tapers off uniformly to zero at x = b, and reraians
zaro from this roint to the trailing edge at x -z 1. For
the N.A.C.A. 27-215 airfcil with 0.5c tralling-edze exten-—

1.6 2
sion, a = %= and b= y. For the usual 27 group of
airfoills, a = 0.8, b =1, and two other airfoils desig-




nated N.A.C.,A. 07, 8-209 and 16, 8-215 have this same mean
line. For the rest of the airfoils having the uniform-
load mean line, a=b=1l, and the expression for the

mean line reduces to the simple form originally derived by
von Doenhoff and the author:

- % [(1-:) m (1~-x) + x In x]

%% [in (1-x) - ln.x]

The value indicated b ¢; 1is the Nideal®™ 1lift coefficient

for which the airfoil is designed, 0.2 for most of the pres—~
ent sections. All the mean-line ordinates and slopes ~t
standard stations are given in table I.

Ordinates for the thickness forms (symmetrical airfoils
of the one maximum thickness 0.12¢) are given in tabdle II.
Various airfoils of the present families may thus be de-
rived by combinations of suitable camber and thickness
forpgs. The metnod, now employed by some manufacturers, of
laying out full scale the thickness ordinates perpendicu-
lar to the rniean line at the standard stations, is definitely
recommended for practical users of airfoils of these new
families.

TEST METEODS

The airfoil rodels tested were of 3-foot span and usu-
ally of 5-foot chord. (See fig. l.) They were of wood
carefully machined to accurately lald-~out and faired tem—
plets. During the investigation the matter of surface fin-
ish received much attention. Slight waviness or roughness
was found to hasten transition so that during the earlier
tests, the lacquer surface finigh was progressively im-
proved by sanding and filling to reduce eny unfairness and
small-scale roughkness.

The first model was built by attaching a cover to a
wooder frame but the slight tendercy torard dimpling et the
polints ol attachment guve marked adverse effects on tran-
sition. 1In fact, it appears that no rerceptible taree-
dimensional dimples of this type can be tolerated. Such
composite methods of construction were therefore abandoned.

N




¥o additional gain in surface smoothness on transition was
realized, however, bdeyond that obtained by the use of 400
water cloth, working in the direction of the air flow to -
remove all appearances of slight depressions.or elevations,
although some slight gain may arpear from polishing the
extreme nose portion of the airfoil where the boundary
layer is very thian. A surface R.M.S. roughness reading of
10 millionths of an inch was obtained from a "profilometer"
measurenent on a typlcal model. A better qualitative im-
pression of the surface condition may perhaps be had from
the estimate that the finish 4id not need to be as smooth
as a high-grade automobile finish.,

No attempt will be made to descride the tunnel and
the detailed testing methods in this preliminary report.
The air-flow uniformity in respect to both turbulence and
distribution throughout the test section isg such that de~
partures from the desired conditions are extremely diffi-
cult to determine.

The investigations were generally of an exploratory
nature arnd followed no routine procedure. It was at first

planned to use a balance to obtain some force measurements,
but it later arpeared that air-flow and wake-survey meth-
ods were giving all the information required for the pre-
liminary tests. Consequently, a tunnel balance has not
beer installed.

The usual testing procedure was first to estimate the:
drag from the integral of total-pressure-defect measure-
ments in the wake for several angles of attack near that
of minimum drag to find the angle corresponding to the most
favorable flow conditions on the airfoil. lLater an "inte-
grating" manometer connected with a aurvey "rake" was em-
ployed. This arrangement gavs a direct indication of the
drag by the depression in the general ligquid level in the
unaffected tubes, which are associated ¥ith Lhe rake tubdes
that lie nutside the wake. The method should be appareat
from figure 4, which shows the waké from O.l-inch-~diameter
tubes sraced on O0.2~inch centere and located in the wake
C.4c behind the trailing edge of the 5~foot-chord models.
The wake in figure 4(a) is from an N.A.C.A. 0012 airfoil at
zero lift and the wake in figure 4(b) is from one of the
low-drag airfoils at arproximately its design lift. The
separate tubes at the left indicate the tunnel dynamic
Fressure and tne wake static pressure.

The airfoll drags were thue estimated over a range of
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angles and Rsynolds Numbers to define tue region to Ye
covered by boundary-layer surveys and prelnuro-dintribution
determinations. These deterxinations by means of a "mouse"
sonmewhat like thoee descrived in reference 2 (see also fig.
1) were usually restricted to the angle of most favorabdle
flow conditione The principal obiectives wsre to study
the boundary layere and the transition points as a fuac~-
tion of the Reynolds Number, to compare the experimental
and theoretical pressure distridbutions, to investigate pos-
sivle regions of eeparation (voth laminar and tnrbulentg
and thelr effects, and fimnally to determine the optimum
11ft coefficient. Some of these detsrmirations ars fur-
ther discueeed when the results are preeentsd.

FTinally, eome oi the airfoils were tested in the vari-
able-density tunnel in order to indicate the usual over—all
airfoil characteristics and also the drag characteristics
for extremely large Reynolds Numbers or other cases where
transition effects tend to Ve suppressed. Thsse results
may also be employed to estimate the maximun 11ft to be ex-
pected 1in flight. The tests therefore include some 12
which split flaps are applied to the sect ions.

RESULTS

No attempt has bYeen made to present these preliminary
results in a complete or final form. Only the more signif-
jcant results are included and no corrections have bYeen ap-
plied, except to the results from the variable-density tun-
nel. The c¢g Vvaluee given are simply the iztegrals from

ths total-pressure-defect measurements, A small correc-
tion will eventually be applied for the survey-tube size
(effective centers not the geometric centers). Ferhaps an
improved approximation to the trie drag results would lLave
been obtained by the use of the Jonee formula, but no cor-
rections of this type are being made pending the compl u-
tion of an investigation now 1mn progrees to determine tke
correct metkods of drag measurement by the wake-survey
method in & clossd tunnel. [n general, it appears that the
more exact methods will always reeult in corrections that
will reduce the drag values presented. ThLece corrections
may. in some cases, be of the order of 15 percent.

Tunnel-wall corrections should also ve applied tc the
results of pressure meaeurements on the airfoil eurfaces.
In the future, this difficulty will probably bde avolded by

i S et Bekmie




11

testing an airfoil somewhat thinner than the section it is
to represent. TFor example, ile surface rressure drop near
the minimum-pressure point on an airfoil of 5-foot ckard
with a 15-percent-thick section in the tunnel is about 8
percent more than it would be in free air. Such restric-
tion effects, of course, influence the 1lift results from
the pressure determinations, although this error has been
approximately removed by correction from some of the re-
sults for comparison with thoce from the variable-density
tunnel and presented in figures 28 to 33. A small velocity-
measurement error, of the tyre ‘that has sometimes been er-
roneously referred to as "blocking," may also be present
tending further to reduce the coefficient values.

Trangition was Judged from observations of imgact
pressures from the inner mouse tube, which rested wita its
flattened lower wall against the wing surface. The effec~
tive height of the tubs was usually about G.C08 inch. The
velocity indicated by the difference between this impact
pressure and the statlc pressure from the mouse static tubde
thus indicated the surface velocity gradient and conse-
quently ths local skin friction. Transition was Jjudged as
the beginning of a sudden and marked increase in this veloc-
ity as the tunnel speed was gradually increased to move the
transition voint across the wing-surface station under ob-
servation.

Later, an improved methbd that gave more precise re-

sults wes_adOpted. The function E—= qg is

thie dynamic pressure indicated by the surface tube and g

is the stream dynamic pressure, was plotted egainst ./ q .

This procedure iz subsiantially the equivalent of plotting
against the Reynolds Number R a function of the surface

velocity gradient:

2 v,/v,

VR

which tends to rerain independent of ths Reynolds Numter
es long as the surface tube remains relativsly close to
the surface in a truly laminar layer. ¥igure 5 ghors the
method aprlied to the determination of three transition
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points on thed F.A.C.A. 27-312. It will be noted that the
fuaction remains constant indicating a truly laminar layer
in the low-speed range and then rises adruptly in the tran-
sition reglon. The transition points were taken as the
positions indicated by the arrows in figure 5 at the knee
of each curve.

The condition of the boandary layer jgust prior to
transition was investigated By the hot-wire method to
study 1in greater detaill the nature of trarnsition, and to
find an explanation fér the tendency of the transition
function to rise slightly before the ampearaace of marxed
transition e“fects. A fine hot wire was used with a high-
gain d.c. amplifier and a cathode-ray oscilloscore. The
results obtaired, soxe of whick are indioated in figure 5,
are rather significant. Well ahead of the transition
point the laminar-boundary layer was remarkadbly steady and
apreared to be free, or nearly free, from unsteadiness or
fluctuations of the Dryden type. Peraaps such steady lam-
inar layers should have been expected under the test con-
ditions of very low turbulence in the new turnel, particu-
larly after it had been demonstrated tnat the experimental
and theoretical boundary layers agreed excellently, both
with respect to total layer thiczness and the velocity
profile within the layer, but Dryden (reference 9) haa
found from exreriments that some layers may become markedly
unsteady wnile, at the same time, retalring laminar prop-
erties, at least rmuch more nearly laminar than turbulent.
The oscilloscope showed, however, a quite different behav-
ior as the Reynolds Number was increased to bring about
trangition. Instead of fluctuations in the laminar layer,
the observations indicated momentary transitions to skin-
friction intensities comparable with those of a fully de-
veloped turbulent layer but of extremely short duration,
perhaps less than 0.0l second and at first occurring only
once every several seconds. These very siaort bursts of
turdulence were much too fast to apperr in the over-~demped
mouse measurements, which indicated ornly a mean result.
The reason for the early gradual rise of the transition
function 1s thus apparent. The totsl time duration of the
turbulent type of flow was of the order of 1 percent when
the "transition point" indicated by the arrow at R =
6,000,000 1in figure 5 was reached. As t%5+ Reynolds Kum-
ber was further incrzased, the frequercy, awd also the
duration, of each of the turbulent bursts iacreasel s0
that the relative total time in this conditicn increased
as indicated by the percentag: values given ocrpositc the
rpoints ia figure 5.
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Pressure-distribution results, both theoretical and
experimental, when extensive mouse static-pressure obser-
vations were made, are presented together in figures 6 to
21. In some cases, the theoretical pressures vere obtaired
directly from calculations b Theodorsen's method (refer-
ence 7) and, in others, by Allen's method (referernce 10)
of velocity-increment addition to the velocities about the
basic syrmeirical section to allow for the 1ift-load dis~-
tribution Tkhis methcl is very sinmrle and may be readily
applied to the prediction of pressure distridutions and
critical speeds for other derived airfoils of tkhe new fam-
ilies. For such purposes, the theoretical basic pressure
distributions for the symmetrical sectiorns are given in
figure 22 and in tadles IIJ to VII.

Certain additional important data are also included in
figures 6 to 21, 1in addition to the arrows indicating the
measured transition-point positione, and the corresponding
wing Reynolds Numbers indicated in millions near each ar-
row. Separation of the flow is also indicated as judged
from tie mouse measurements. Included also are the angle
of attack, the corresponding measured nminizum drag coeffi-

cignt, and the Reynolds Xumber at vwhica it occurred. ZThe
theoretical compressibility-burdble speeds, exrressed as
the ratio M, of the critical speed to the speed of sound
obtained botn fror the measured arnd the theoretical peak
negative rressure coefficients by the method of reference
11, are also inciuded in eack figure.

Sone otkher experimental data are presented with the
discussion. Data dealing with further details of scale-
effect calculations, skin-friction distrib:ution, and bound-
ary-layer stundies in comparison with theory, tas analysis
of the transition data, the extension of these airfoil de~
velorments to higher Reynolds Numbters and speeds, studies
of the relative tunnel turbalence, and check tosts in oth-
er tunnrels and in flight will be separately presented and
discussed by various authors in subsegquent papers.

CISCUSSIOoN
Best Alirfoil, the Crtimum Reynolds Number Rarge
This discussion will first consider the expsrimeantal

data on the various airfoil forms almost witho:t regard to
the Reynolds Number, considering zmainly tae minimum-drag
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results in the range where the gains from extensive lami-
ner flows were largest. Applications at higner Reynolds
Numbers will be considered later. The emphasis on the
minimum-drag results may appear inconsistent with earlier
N.A.C.A. airfoil reports, but several factors have altered
the point of view. A commendable trend has begun, led
particulerly by the Army Air Corps, away from an arditrary
larding-speed requirement that tends to fix the wing area
in relation to CL Changes 1in CL therefore no
max max
longer necessarily produce correeponding changes in mini
mum wing drag through the process of forcing a change of
wing area. High maximum lift coefficlients, moreover, were
often associated with large and adbrupt 1ift losses beyond
the maximum, a combination of perhaps less than no value
except through the possidility of thus circumventing the
arbitrary landing-speed reguirements to effect area and
drag reductions FTinally, the drag reductions possidle
through the realization of extensive laminar layers are
relatively so large that CL variatiens tend to become
max
relatively unimportant between airfoils of slightly differ-
ent shape, particularly when used with a high-1ift device,
as in figure 31, for example

The data should thus be considered first in relation
to the more important factors affecting tne minimum drag.
As pointed out eerlier, one of the objects of the investi~
gation wes to determine the limiting extent of the favor-
able pressure, or laminar flow run over the forward part
of the airfoil end also the effects of variations in the
degree of the pressure gradient within this range. As ve~
gards the limiting extent of the laminar layer, the drag
results (figs. 23 .to 27) show that it tends to increase as
_ the airfoil thickness decreases. The lowest drag coeffi-
cient obdtained was 0.0022 witb the N,a.C.A. 18-204 section
at 2 Reynolds Number of approximately 4,000,000. T¥Figure &
indicates that the extent of the laminar run was then more
than 0.80c. The determinetions indicated that thkis run
could not be greatly increased. If an increase was at-
tempted through a reduction of the Reynolds Number, wake
fluctuations and drag increases were ancountered. The ad~
verse effects were evidently associated with transition
occurring momentarily so far behind laminar separation that
an incomplete closing in of the turdulent layer with con-
sequent prressure drag was encountered. {See reference 12.
On tke other hand, adverse effects also apreared wher a fur-
ther backwerd shift of transition was attempted through a
beckward movement of the minimum pressure point, as in
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changing to the N.a.C.A. 19-204 section (fig. 7). The min-
imum drag coefficient obtained was 0.0029; this value in-
dicates tkat such an extreme backward movement of the mini-
mun-pressure point results in too blunt a trailing edge
even for a 4-percent-thick airfoil. Taoe prsssure recovery
and adverse gradients are evidently too severe to e over-
come even by the most favorably situated turbulent layer.

Turning now to the 9-percent-thick airfoils (fig. 24).
tane 18 series is still found to have the lowest drag coef-
ficient (0.0026), but the winimum now occurs at a higher
Reynolds Number. This change may be attributed partly to
a lower boundary-layer Reynolds Number R& associated with
the increasing airfoil thickness because of the resulting
increased favorable pressure gradients over tlte laxzinar
portion of the surface. Thus, if transition tends to occur
at a given Ry, the given value will be reached at a higher

R on the thicker wing. It is noteworthy also that the
drag of the N.A.C.aA. 27-209 uirfoil reaches nearly as low a
value and shows a considerably less marked rise at the
higher Peynolds Numbers than the 18 airfoil. 1In fact, the
cusp-~type trailing edge was addesd to the 18 airfoil (fig.
10Y in an attempt to rnduce the severity of the trailing-
edge conditions. The wake surveys and the surface-pressure
determinations on this airfoil without the cusp were 85 er-
ratic that the cusp was considered almost necessary to es~
tatlish the circulation and 1lift so that accurate measure-
ments could be made.

A consideration of the pressure diagran in figure 10
suggests another reason for the use of the cusp. With
blunt trailing edges like those of the 1& series, a marked
pressure drag may be associated with the failure of the
actual surface pressures to rise toward the stagnation
pressure at the trailing edge as the theory indicates tkey
skould when the form drag is gzero. as shown by figure 10,
the theory does not require for the cusp tail this unattain-
adble tyre of pressure rise.

Associated poor pressure recoveries and marked form
drags for the blunt airfoil are apparont in the results,
particularly at Peynolds Numbers higher than that for min-
imum drag. Here the conditions in the turdbulent layer be-
come progressively less favorable for a pressure recovery
as the transition point moves forward on the airfoil. The
increased turbulent skin friction occurring ahead of the
minimum pressire point thickens the turbulent layer at the
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beginning of the pressure recovery and hence makes tke
given adverse gradient relatively more severe. Under ex-
treme conditions, turdbulent separatior may be expected.

Such corsiderations led to the develorment of the
¥.A.C.A. 27 series (fig. 11) which was designed to relieve
the severity of the flow conditions in the pressure-recov-
ery region btehind the minimum pressure point. The ex-
pected reduction in drag at Reynolds Numbers above that
for the mirimum is shown in figure 25 and more particular-
ly for the l2-percent-thick section in figure 26. The
marked favorable result is not indicated for the N.A.C.aA.
27-215 section (fig. 27), but the oréinates for the 27
series were revised btetveer the time the 15 airfoil and
the other airfoils were constructed. Tue ordinates of
the airfoil that was tested are not now considered satis-
factory as a memter of the 27 family. The test results,
although included, should therefore be discounted.

Anotrer unanticipated result of changing from the 18
to the 27 geries was the shift of the mirimum drag to
lower Reynolds Numbers. The same result is agair indicat-
ed in figure 25 in changing the minimum pressure farther

forward from O.7c¢c to O.8c in going from the 27 to tke 16
series. The opposite shift of the minimum drag to Ligher
Reynolds Numbers was expected owing to the lorer local
Reynolds Number at the minimum pressure station at a given
wing Reyrolds Number. Tre explanation is that minirmum
drag with these airfoils coes not occur wten transition is
near the minimum pressure point, or even forward of the
laminar-separation point. (See figs. 12 ard 18.) Trese
experimental data do not conflict with the laminar-separa-
tion theory (reference 13), vhich rlaces the lacinar sep-
aration point very near the minimum pressure point after
the layer has become thickened by its lorg ruan over the
forward portion of the airfoil. When tane minirum pressure
point is not well back, minimum drag occurs at a Reynoldlds
Number so low that moderately extensive lawinar serarstion
1s actually present. The transition occurs soon enouch to
close in and permit the pressure recovery bit not soon
enough at mirnimum drag to produce excessive turbulent skin
frictions. 1In the separated or adverse rressure roange,
however, this transition tends to occur at a reduced
Reynolds Number.

Figure 25 also throws some light or the question of
how steep the favorable pressure gradient should de over
the forward part of the airfoil. 4 comgarison of the
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N.A.C.A. 07-209 and the N.A.C.A, 27-20¢ airfoils shows a
higher minimum drag and an earlier rise with increasing
Reynolds Number for the airfoil with the flat pressure
distridbution.

A tentative explanation can dbde given as the result of
furtber fundamental dboundary layer and transition strdies
not included in this report. -The difficnlty with the flat
pressure distribution is not primarily taat trangition nec-
essarily occurs at -a much smaller value of Ry in the ab-
sence of a favorable rressure £ield,.  although there may be
some glight tendency in this direction, but tiat very snall
disturbances such as sligkt imrerfections in the model,
slight departures from the design acgle of attack, or
slight flow fluctuations may produce regions of local ad-
verse pressure gradiert. This condition tends to prodace
regions of excessive boundary-layer thickress (or even lo-
cal separation}, which tend to grow three dimensionally in
the abgence of a favorable pressure gradient impelling the
low—-energy air.along in tke normal flow direction. Hence,
excessive values of R may appear locally leading, ia
turn, to & premature transition. The.optimum ragnitude of
the favoradble pressuré gradient for these airfoils there-
fore becomes largely a matter of practical compromise.
Small gradients require extrexe care in tre elixzination of
disturbances, whereas large gradlents cause excessive skin
frictlion, excessive form drag due to theé more severe pres-
sure recoveries, and low cri‘ical speeds due to the exces~
sive peak negative préssures.

Applicatlons

It thus apj.ears that, within the Reynolds Number range
considered, the N.A.C.A. 27 aseries represents a reasonable
approximatfon to the bYest compromise. Thke 1lift at which
the minimum drag occurs may be varied .at liberty to meet
particular design requirements. Tke extent to waich the
optimum 1ift may be increased 1s suggested by the results
for the N.A.C.A. 27-2012 in figure 16. This airfoil was
designed for an optimum 1ift coefficient of 2.C. Such
an extreme procedure probadbly pushes the present deslign
principles too far, but high-1ift airfoils of this tyve
may find some espplication. The ultimate pverformance of an
airfoil section for application such as long-range air-
planes, gliders designed for small gliding angles, tlower
and propeller blades, gvide vanes, etc., 1s measured by
the maximum profile L/D for the section. With these new
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airfoil-design principles, low-drag coefficients may be at-
tained at rather high 1ift cosfficients. With the older
type of flapped airfoil, for sxample, ths pressure recov-
ery rsalizable over the upps: surface of ths flap was re-
stricted by tns excsssive thickness of the turbdulent layer
in this vicinity. Owing to the possibility of maintaining
laminar flows over the forward portion of the new airfolils,
the turdbulsnt layer at the after part of the airfoil may bs
rslativgly thin with ths rssult that relativsly abrupt
prsssure rscoveries are attainabls. Although the boundary-
laysr studiss on the N.a.C.A. 27-2012 4indicatsd that the
1ift in this cass had probably been fushed too high, a
maximum profils L/D of ovsr 290 was attained. Tor air-
foils similarly dssignsd but with sligatly lower optimum
lifts, tke turbulsnt separation that occurs near ths traill-
ing edge may be sufficisntly reducsd to produce even nighsr
1/D ratios.

By a suitabls choice of the camber to give ths desirsd
optimum 1ift, the 1ift range of low drag (figs. 28 to 32)
will be sufficient for many practical applications. Out-
side ths low-drag range, the variabls-density tunnsl rs-
sults suggest that the airfoil drag will not bs sgxcsssive.
Ths results presented hsrsin ars aprlicatle only within
ths lower Rsynolds Number rangs and thsrsfore appear most
naturally suited for application to small aircraft and
gliders. It should not be ovsrlooked that thsy may have
much wider application to spscial designs in which it is
feagible by reduction of wing chord or density at Ligh al-
titudes to achievs the propsr Rsynolds Number. In applica-
tion to airplane wing dssign the camber will rrobdbabdbly be
selectsd so that the optimum 1ift will occur near thke cruis-
ing sveed. An airfoil somewhere bstwveen tas X.A.C.A., 27-112
and N.A.C.A. 27-512 will thus probably bs employed, The ad=-
vantage of the new ssctions will then appsar through in-
creased curising spesds and in more economical operation
within this srsed rangs.

It should be emphasized, however, that the gains will
not be marksd unlsss suitable applications are selectsd.

It may bs dssirable to employ unusually largs aspsct ratios
in ordsr to rsduce ths induced drag and to reducs the chord
sufficlently to obtain a suitadly low Reynolds Number.

The wing surface must, of course, be fair and smooth over
ths forward 80 psrcent. Vibration should bs avoided and,
in all rrobability, the propsllsr slipstream on the wing
must be sliminated. Fusher propellsrs are thsrefore to be
recomnmgnded peuding an experlimental dsmonstration that the
disturding effects of the tractor propeller can be toler-
ated. Disturbances arising forward of the wing along ths
fusslage will affsct only small portions of ths vwing ad-
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Jacent to the fuselage. Only that part of the wing inside
a2 line extending from a point at the leading edge just out-
eide the fuselase--boundary layer backward toward the trail-
ing edge and outward with the flow direction at an angle
probably less than 8° need necessarily be subjected to the
uasual Zigh turbulert skin friction.

Most importart of all in any application, however,
i3 the reduction of fuselage, tail-surface, and parasite
drags to a reasonable minim:ni. High parasite drags may
eatlly masrx any merked gain from a large reduction in
wing-section drag. One private-owner tyre of airplane
tested in the N.A.C.A. full-scale tunnel shoved for exam-
ple, a drag coefficient of avnproximately 0.0600. A reduc=—
tion of wing drag from 0.3080 to 0.0030 would conseguently
have reduced the over all drag of the eirglare only in the
ratio 55/60 The resulting spwed increase wowld thus rep-
resent an almost inappreciadble gain. On the other hand,
if the eirplane to waich the new wing is applied is so
clean that the wing-profile drag reproesents 2 large rtart
of the entire drag, the rerformance gairs will be very
large. The higher speeds attainabdble, in turan, reduce the
induced rower, and often improve the propeller ¢fiicliency.
Particularly in bucking a head wind, the time saving and
the economy expressed in miles per gallon, a matter of vi-
tal ixmportance to the private flyer, should thus be im—
praved to a very marked extent by the application of the
new wing sections.

Applications at Reynolds Kumbors Above the Optimum

Littls will be said regarding the application of
these data at the highor Reynolds Numbers because further
investigations outelde the scope of this report are now in
progress to develop methods of maintainirng these same low=
drag properties at very higkh Reynolds Numbers. It appears,
however, that comparatively small gaine of this same type
may be readily realigzed at tnhe higher Reynolds Numbers by
malntaining the laminar layers over only a comparatively
small portion of the forward rart of the alrfoil. 1In fact,
full-gcale tunnel teets of the N.A.C.A. 23012 airfoil (ref-
erence 4), and of the N.A.C.A. symmetrical airfoils (ref-
erence 14), as well as tests of the N.A.C.a. 23012 airfoil
to study rouvghness effecis in the 8-foot high-speed tunnel,
indicated that some gains of this type would be possidble on
existing airrlanes if sufficient attention were given to
the surface condition on the forward part of the wing.
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Actually the gains might be noticeadly larger in flight:
owing to tunnel-turdulence e‘fects prresert in the test re-
sults. On the other hand, these types of ailrfoil sre in-
herently unsuited to the desired flow conditions, except
possibdbly »t extremely large Reynolds Numters. The "addi-
tional™ type of 1lift distridbution associated with the sym-
metrical =irfoil, for example, couses » mini.um-rressuire
pecsk to occur very near the leeding edge on the urprer suar-
face. (See references 15 and 10.) This condition always
tends to lead to prexature laminar seraration or trensi-
tion.

An obvious imrrovement in tie medium Reyrolds Kumber
range 1s rossible with an airfoil 1like the Y.A.C.a. 2412-34
from the femily of reference 3. This tyre of airfoil has
a better lift-load distribution and a thickness distridu-~
tiou tnat does not produce a minimum-pressure peek exces-
sively far forward. The N.A.C.A. 2412~34 and X.A.C.A.
1412-34 airfoils are therefore to be tested in the rew tun-
nel and will be serarately reported wvhen the results are
aveilabdle.

It should be urged, howevor, that snap judgments based
on boundary-layer calculatiorns along the lines suggested dy
reasoning similar to that prosented in the preceding para-
grarhs be withheld pending further experimental invostiga-
tions. Some of the test results (figs. 15 and 26, for ex-
ample) skow large drag increases assoclated with compara-
tively small forward moveoments of the transition point.

Tho cause of this rather peculiar bdehavior of the drag ras
found, as the result of a suprlementary investigation to

be separately rerorted, to be associated with the very high
skin-friction intensities usually presert at the onset of
turbulence in the dboundary layer., The adverse effects of
the high friction intensities are moderated, however, rhen
the transition occurs in a region of pressure recovery as
it does on the best sections in the optimum operating con~
dition. In fact, the tyre of flow leading to a relatively
high intensity skin friction is then actually desiradle in
order to avoid seraration. It thus arpears that it may
alrays be desirable to effect some pressurs recovery in the
neighborhood of the transition point, not only because of
tne immediate saving in sxin friction and lcwrer losses as-
socinted with recovery but also because the turdulent lsyer
1s left to run over the remninder of the airfoil in a thick-
er, and hence lower, dreg condition.

Tr.e same conclusion was reacked ir a different way,

At R S it T e el K g PPIRPF TR SRR




21

which actually led to the design of tho O.S5c-chord exten-
sion on the N,A.C.A. 27-215 airfoil. If chords longer
than the optimum, that 1s highor Reynolds Numbors must be
employed, the least adverse drag effects shounld be expect-
ed when tho best possible section is chosen for the for-
ward part of the airfoll and the remainder, which wmust be
exposed to turbulent skin friction axyway, 1is addcd as a
relatively thin extension lying in the wake of the forward
part whore the velocities and turbulent—-friction intensi-
ties are a minimum. Although the tcst results in figure
24 cannot be said to substantiate thcse viows, nolthor can
they be said to disprove them. Owizg to the larger chord
and the rosulting different relative rosition of the sur-
vey rake, tho results for this airfoil should not be con-
sidered strictly comparable, arnd conclusions should be
withheld pending further tests. It is appargrt, neverthe-
less, that drag gains will be muck less marked if any
large forvard movement of the tramsition point is allowed
to result from iacreasing values of the Reynolds Humber.

CONCLUSION

For airplane wing design and for other airfoil and
streamline body aprplications in the lover Reynolds Number
range the new lamirar-flow airfoils and the general de-
sign prirciples deduced from the presext investigatilons
may be expected to yleld actual wirg-drag coefficlents
markedly smaller than those heretofore possibdle.

Alrfoil and flow investigatiors of the type cornsid-
ered must be made under tunnel-{flor ceorditions approach-
ing freedom from turbulence. Under tiese suitadble condi-
tions, truly laminar-boundary layers may be maintained to
unusually nigh values of the Reynolds Yumber. Trarsition
appears to be sensitive to very small disturbances of var-
ious kinds includirng surface roughness and air-stream tur-
bulence and, in the absence of suck disturbances, appoars
to be of a different character from that usually observed
in wind-tuznel testing.

Langley Memorial Aeronautical Laboratory,
National Advisory Coxmitteo for aseronautics,
Langley Field, Va., arril 25, 1929.
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2=-dimensional-flow
tunnel.

the model of the

Figure l.-Alrfoil set-up in

NACA 19204

Naca 18-204

MACA I8 208 WITH CUSE

NACA 27-209 NACA 27-212

NACA 018-208

NACA 18- 208

A ———

MACA Z27-218 8C EXY

Figure 3.-N.A.C.A. laminar-flow
airfoil profilem.
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(a) N A.C.A. OOl sirtoll at 2eT¥0 111%. (b) Laminar-flow airfoil at optimum lift.
Figure 4.-Wake measurements by integrating manometer.
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Flgure 2.~ Preliminary form of laminar-fiow airfoil,
(NACA 25 B 09-46),




27-21%2

5 6
Reynolds number, millione

Figure 5.- Method of transition measurement. Variation of

the "transition function" and correlation with
hot-wire studies.
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Figure 6.~ NAZA 18-C4 airfoil.
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Figure 7.- NACA 19-204 airfoil.
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Figure 8.~ NACA 14209 airfoil.
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Pigure 9.~ NACA 18-209 airfoil.




Fizurs

50
1)
'L' Adc l cdmin
Theory ov] o.zl o.ve' =
Experiment]| G0 .74[0.0028 &t R=5.3x10%

In ' 2

Figure 1V.~ NACA 18&-209 zirfoil with 3in cuzp exteasion.

)

- il e
.




i
—

|
|
4
!
i
|

® Laginar 1ephrhtiuﬁ. Jlosed fin

abﬂve inficated Reyuélds mayaber. |
a0

i a * cl I ¥£_| 24 "
Theory 99 12,2 |0.?7 -
Experiment 11/2%0 221 751 0.0027 at n-i.6x106
Arrows inlicute location of transition corresponding
to the keynolds number iniizatel ia millions.

Figure 11l.-~ HACA 27-209 airfoil,
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Figure 12.- NACTA 16-20¢ airfoil.
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